The kidney uses mixtures of five osmolytes to counter the stress induced by high urea and NaCl concentrations. The individual roles of most of the osmolytes are unclear, and three of the five have not yet been thermodynamically characterized. Here, we report partial molar volumes and activity coefficients of glycerophosphocholine (GPC), taurine, and myo-inositol. We derive their solvation behavior from the experimental data using Kirkwood-Buff theory. We also provide their solubility data, including solubility data for scyllo-inositol. It turns out that renal osmolytes fall into three distinct classes with respect to their solvation. Trimethyl-amines (GPC and glycine-betaine) are characterized by strong hard-sphere-like self-exclusion; urea, taurine, and myo-inositol have a tendency toward self-association; sorbitol and most other nonrenal osmolytes have a relatively constant, intermediate solvation that has components of both exclusion and association. The data presented here show that renal osmolytes are quite diverse with respect to their solvation patterns, and they can be further differentiated based on observations from experiments examining their effect on macromolecules. It is expected, based on the available surface groups, that each renal osmolyte has distinct effects on various classes of biomolecules. This likely allows the kidney to use specific combinations of osmolytes independently to fine-tune the chemical activities of several types of molecules.
INTRODUCTION
The mammalian kidney uses a cocktail of several osmolytes to counteract the deleterious effects of the high renal urea and salt concentrations (1) . The primary osmolytes are glycine-betaine, myo-inositol, glycerophosphocholine (GPC), sorbitol (2) , and taurine (3) (see Fig. 1 ). It has been suggested that imbalances in the composition of cellular osmolyte cocktails contribute to diabetic neuropathic complications (4) . In a similar way, in the kidney, specific mixtures of osmolytes appear to be needed for each set of conditions as one moves from the low urea/ NaCl conditions of the renal cortex toward the high levels of urea/NaCl in the medulla. It has been demonstrated that GPC is the primary agent protecting against high urea, and that the sum of all osmolytes balances out high NaCl concentrations (5) . Although the individual functions of the other four osmolytes are unclear, their distribution strongly suggests that specific ratios of osmolyte concentrations are needed for proper renal function, as mentioned above. Most notably, the concentration of myo-inositol first increases and then decreases, whereas concentrations of the other osmolytes increase continuously as one moves from the renal cortex into the medulla (2) .
The question is, why are so many different osmolytes used in the kidney, and what are their individual purposes? Knowledge of the microscopic solvation behavior of the os-molytes in solution can give valuable insight into this question. Thus, we measure physical properties that allow us to derive solvation properties. There are several approaches to this task, of which we use the rigorous Kirkwood-Buff (KB) theory (6) . The physical properties of solutions are symptomatic of the underlying microscopic solvation (6) , and it is possible to derive the microscopic properties from measurements of volumetric and chemical activity data (7) . Based on this connection, it may come as no surprise that there is a correlation between the macroscopic properties of protein-free binary osmolyte solutions and their impact on proteins. Molar activity coefficients and osmotic coefficients of protein stabilizers tend to be larger than unity, whereas they are smaller for denaturants (8, 9) . Beyond such macroscopic correlations, knowledge of the microscopic solvation patterns is a powerful tool for deriving mechanistic information about osmolyte action (10, 11) .
Capturing the energetic impact of small additives on other biomolecules requires knowledge of the solvation patterns not only at the contact surface between the different molecular species (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) but also in free solution (22) . Here, we provide such information about the behavior of the three renal osmolytes that have not yet been quantified, viz. GPC, taurine, and myo-inositol.
What concentration range of osmolytes is of biological interest? The amount of osmolytes found in situ varies drastically, depending on factors such as the species (23), the tissue (2), the cell type (24) , and the nutritional status (5) . For example, urea concentration may reach 5.4 M in water-independent desert rodents, whereas up to 3 M is more normal for water-dependent rodents (23) . Extremes found in tissue culture are 1.1 mol/kg for sorbitol, 0.7 mol/kg for inositol, 0.2 mol/kg for glycine-betaine, and 0.14 mol/kg for GPC (24) . In rat kidneys, GPC concentrations of 120 mM have been found under normal conditions, and these are approximately doubled after dehydration (25) . Physiologic osmolyte concentrations thus can be quite high, and covering a broad concentration range in this work is expedient.
MATERIALS AND METHODS

Densimetry
Measuring the density of osmolyte solutions allows us to derive the partial molar volumes of the osmolytes, as well as their solubilities. The three osmolytes under investigation, myo-inositol (Sigma, St. Louis, MO), taurine (USB, Cleveland, OH), and GPC (Bachem, Bubendorf, Switzerland) were all of the highest purity available. In addition, we used scyllo-inositol (Tokyo Chemical Industry, Tokyo, Japan) for comparison with its isomer myo-inositol. Due to the low solubility, however, it was not practical to use scyllo-inositol for the vapor-pressure measurements. To remove any residual water, the osmolytes were dried at 60 C for at least 20 h. Solutions were prepared gravimetrically using an analytical balance (AT20, Mettler-Toledo, Columbus, OH) equipped with an antistatic device. The densities of the solutions were measured in a DMA 5000M density meter (Anton Paar, Graz, Austria), using automatic viscosity correction. Solubilities were measured as described previously (27), but with temperature controlled to 5 0.1 K. Briefly, water was added to dry osmolyte to produce a series of increasing nominal molalities. Dissolution of osmolyte crystals in water was allowed to equilibrate completely at 25 C. After equilibration, all crystals dissolve if the total osmolyte concentration is below the solubility limit. Above this limit, residual crystals remain and the supernatant has a constant osmolyte concentration. Accordingly, a breakpoint in the slope of the supernatant's density versus the total osmolyte molality (sum of dissolved and undissolved osmolyte) marks the solubility limit (see Fig. 2 ). Densities of the supernatant were measured at several time points during the equilibration to ensure that equilibration was complete. The viscosity of concentrated GPC is too high to allow for a straightforward determination of its solubility. For myo-inositol, the equilibration was slow for final concentrations close to the solubility limit, so that it was possible to measure the densities of supersaturated solutions (after temporary heating to 40-50 o C). Thus, densities of saturated solutions were determined under conditions far above the solubility limit, where equilibration was reasonably fast (a few days or less).
The partial molar volumes were obtained from the densities, as described previously (11) . Using Wolfram Mathematica (Champaign, IL), the data were fit to a density equation that represents the ratio of the total mass of the solution per kilogram of water (numerator) to the total volume per kilogram of water (denominator). This approach is convenient for deriving the partial molar volume, because the partial molar volume and its derivatives are the only unknowns in the equation; they are in the denominator's power series:
Here, M r is the molecular weight of the respective osmolyte, r 0 is the density of plain water, v 1 is the limiting partial molar volume of the osmolyte at 0 molal, and the other v i are derivatives with respect to the molality, m, of the osmolyte. The partial molar volume of the osmolyte is the first derivative of the volume (the denominator in Eq. 1) and is thus given by a power series that has its indices shifted by 1:
The partial molar volume of water
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directly follows from the requirement that the volume fractions add up to unity
Vapor-pressure osmometry
Osmolyte concentrations for the osmotic coefficient measurements were determined from the density measurements described in the previous section. The water vapor pressure was measured in a Vapro 5520 Osmometer (28-30) (Wescor, Stoneham, MA) modified as described previously (19) . The instrument determines the dew point of the water in the gas phase above the solution. The dew point is a measure of the chemical activity of the water, a W , which is expressed in terms of osmolality, 55 À ln
where osm is the osmolality, and f the osmotic coefficient. The measured osmolality values were divided by the total molality to obtain the osmotic coefficient, which is a measure of the deviation of water chemical activity from thermodynamic ideality (proportionality between ln a W and concentration). The osmotic coefficient data were fitted by a polynomial and converted to molal activity coefficients, g m , through the Gibbs-Duhem relation (31) , and to molar activity coefficients, g c , by the relation g c ¼ g m mr 0 =c. The molar activity coefficients were then fit to an activity coefficient model based on partition-function terms up to second order (8) 
where g 2 ¼ log 10 ðpg 2 Þ is an interaction parameter, and c 1 and c 2 are the nominal concentrations of osmolyte in states described by the first-and second-order partition-function terms, respectively. In the simplest interpretation of Eq. 5, 1=c 1 is the volume of an individual hydrated osmolyte molecule in solution, 1=c 2 is the volume of a hydrated pair, and g 2 is the affinity between osmolyte molecules (8) , though this interpretation is likely oversimplified (32) .
KB integrals
To resolve the mechanistic basis of osmolyte behavior, it is very important to gain insight about the degree to which these compounds interact with each other and with water. The relative proximity of molecules in solution can be calculated from experimental thermodynamic data through KB theory (6) or, more specifically, inverse KB theory (7) . This rigorous theory relates chemical activities and volumetric properties to so-called KB integrals, which are integrated pair-correlation functions. For osmolytes, these integrals are usually negative, because the centers of mass of molecules must be spaced away from each other due to the impossibility of two atoms occupying the same space (10, 33, 34) . However, if osmolytes tend to associate in solution, they may end up being as closely or even more closely associated than randomly distributed centers of mass would be, leading to zero or positive KB integrals. This is the case for urea and glycine, for example (10, 16) .
The KB integrals can be calculated from experimental data by (10)
for the self-solvation of osmolytes (osmolation),
for the self-hydration of water, and
for mutual solvation of water and osmolyte (i.e., osmolyte hydration or water osmolation), where R is the gas constant, T is the absolute temperature, k is the compressibility, and a ii and g ii are defined by a ii ¼ ðv ln a i Þ=v ln c i and g ii ¼ ðv ln g c;i Þ=vc i ; a i is the chemical activity of compound i, and g c;i is its molar activity coefficient. We determine v O and v W for osmolyte and water, respectively, using density data as described above; and we determine a OO and g c;O for an osmolyte using the VPO data, also as described above. To determine a WW and g WW for water, we use g WW ¼ ða WW À 1Þ=c W (valid by definition), and from Eq. 8, we obtain a WW ¼ a OO v W =v O . The compressibility, k, is very small for aqueous solutions and negligible for our purposes (35) . Rather than dropping the compressibility term completely, we use the compressibility of plain water (36) .
What do these G ij mean? There are three kinds of contributions to G ij : the partial molar volume, v i ; the solution nonideality, a ii or g ii ; and the compressibility term, kRT. The partial molar volume is the most fundamental contribution, primarily accounting for the fact that molecules take up space and cannot overlap. That is why this contribution to G ij is negative, i.e., based on the presence of one molecule, less space is available to all others. The next contribution, the solution nonideality, represents additional repulsions or attractions between molecules. Repulsions are represented by positive g ij and attractions by negative g ij (positive and negative slopes, respectively, of the activity coefficient versus concentration). The compressibility term is needed for a different reason. In a dilute gas, the partial molar volumes include large contributions from the empty space between molecules, and the compressibility term corrects for this.
Determination of van der Waals volumes
The most fundamental type of interaction between molecules is hard-core repulsion. The osmolyte trimethylamine N-oxide (TMAO) was recently shown to obey such simple behavior (11) . To compare the behavior of the osmolytes to this limiting case, we need to know the van der Waals volumes of the osmolytes. van der Waals volumes were calculated either from the effective spherical radii of the osmolytes (20) or by using MOLMOL (37) . Where necessary, hydrogen atoms were added using PRODRG (38) . Coordinate files were obtained from the HIC-Up database (39) . For GPC, we used a truncated phosphatidylcholine without the fatty acid chains.
Normalizing the solvation of osmolytes to the limiting case of hard-core repulsion facilitates the comparison between molecules of very different size. Moreover, we will see that some of the osmolytes approximate well the thermodynamics of hard-core particles, just as TMAO does (11) . Such a finding is very significant from a mechanistic perspective, since it highly suggests that these osmolytes affect proteins through an entropic mechanism (40) .
RESULTS AND DISCUSSION
The experimental densities (and solubilities) and osmotic coefficients are shown in Figs. 2 and 3 , respectively, and the corresponding parameters for Eqs. 1 and 5 are given in Tables 1 and 2 . The solubilities of taurine and myo-inositol are comparably low (41) , but that for GPC is high to a Biophysical Journal 105(9) 2166-2174 degree that it is impractical to measure for viscosity reasons. In a similar way, taurine and myo-inositol group together with respect to the osmotic coefficient ( Fig. 3 A) , which is virtually identical for them. GPC has an extraordinarily large osmotic coefficient as a function of concentration, as well as a high molar activity coefficient compared to the other renal osmolytes (Fig. 3 B) .
As usual for osmolytes (8) , the densities are close to linear functions of their molarity (Fig. 2, dashed lines) . That means that the partial molar volumes do not depend much on osmolyte concentration (8) . Fig. 4 shows the partial molar volumes for GPC, myo-inositol, and taurine along with their partial molar volumes in the crystalline state (dashed lines) (42) (43) (44) . It is noteworthy that the volume of myo-inositol in solution is >10% smaller than in the crystal-line state, whereas the deviation is only~6% and 3% for GPC and taurine, respectively.
The experimental data can be translated into solvation patterns that are discussed below for each of the protecting renal osmolytes.
Inositol
Protein-stabilizing osmolytes, including polyols, have been found to exhibit increasing activity coefficients (8) and osmotic coefficients (9) as a function of concentration. It is therefore unexpected to find the opposite case for the protein stabilizer myo-inositol (45) (Fig. 3 ). Its decreasing osmotic and activity coefficients point to the tendency of solutes to associate (8) , as also evidenced by its very high (almost positive) KB integrals of self-solvation, G OO , in Fig. 5 .
Moreover, it has been found that the hydroxyl oxygens of an inositol isomer, scyllo-inositol, fit very well into the tetrahedral structure of water (46) (47) (48) , arguing for optimal hydration and thus minimal self-solvation, again at variance with Figs. 3 and 5. However, though the positions of the oxygens match the water crystal structure, the resulting orientations of the hydroxyl groups appear to be geometrically unfavorable for H-bond formation with the surrounding water molecules. Thus, hydration of inositols should be Table 2 and previous publications (8, 10) . (Inset) Magnification of the lowest three molar activity coefficients. To see this figure in color, go online. Values are given in mL/mol. g, GPC; t, taurine; i, inositol. relatively difficult. Indeed, molecular dynamics simulations have shown that among polyols, both myo-inositol and scyllo-inositol interfere substantially with tetrahedral arrangements of surrounding waters (49) . Inositols lead to more distorted H-bonds, and have more of a tendency than other polyols to form interpolyol H-bonds (49) . Such association would be highly consistent with the high selfsolvation (G OO ) shown in Fig. 5 . In addition, another computational study found a lower hydration of hydroxylated cyclohexane rings (such as in inositols) compared to cyclopyranoses (50) , which adds more support for the idea that inositol hydration is problematic, making intermolecular H-bonding more likely. Difficulties in H-bonding due to geometric constraints have previously been found for guanidinium ions (51, 52) . Myo-inositol may be another example of such issues. Compared to other carbohydrates, myo-inositol has another peculiar property. We find that its partial molar and van der Waals volumes are within only 10% of each other, which means that the density of water around myoinositol must be particularly high. For comparison, the partial molar volumes of glycerol, sorbitol, glucose, and sucrose are between 25% and 40% higher than their van der Waals volumes. The crystalline state of myo-insitol, in contrast, is relatively unremarkable, with a solid-state partial molar volume (114.4 mL/mol (42) ) that is~24% larger than its van der Waals volume. This is a normal value, given that the partial molar volumes of the above-quoted carbohydrates are essentially unchanged between solid state and aqueous solution (8) over the same range of 25-40%. Thus, the unusual properties of myo-inositol are specific for its aqueous context.
The molar solubility of scyllo-inositol is~8.6 times lower than that of myo-inositol. Based on the high symmetry of scyllo-inositol, its configuration integral should be sixfold lower in free solution (53) , which almost completely explains the difference in solubility. Then, either the crystal and solution properties of these two inositols are remarkably similar, or (less likely) their differences cancel out fortuitously.
Taurine
Taurine shows an even stronger associative trend than myoinositol (positive G TT in Fig. 5 ), as also seen in the decreasing osmotic and activity coefficients (Fig. 3 ). This is not as unexpected as in the case of inositol, since other amino acids, such as glycine, also show an associative trend (8) . In fact, at one time, decreasing osmotic coefficients were used to infer association between amino acids in aqueous solution (54) .
Consistent with our data, the osmotic coefficient at the freezing point was previously found to decrease with concentration (55) . The solubility of taurine, however, was cited in one study as 840 mM, but without clear reference to the method of measuring the solubility (56) . We find a slightly lower solubility of 760 mM.
Hydrogen bonds in taurine crystals are both intramolecular and intermolecular, and the latter are particularly strong (57) . Based on vibrational spectra, it is likely that intermolecular H-bonds are also strong in free solution (58) . These findings agree well with our observations. GPC GPC behaves very differently from myo-inositol and taurine. The self-solvation of GPC, G OO , is large and negative, indicating strong mutual exclusion of GPC molecules (Fig. 5) . This osmolyte is a trimethylamine. The best studied osmolyte in this class, TMAO dihydrate (TMAO 2H 2 O), has been found to resemble hard spheres in its solvation (11) . The limiting hard-sphere solvation value for G OO at 0 M osmolyte concentration is À8V vdW (11, 59) . Fig. 6 compares G OO to the hard-sphere limit for multiple osmolytes. It turns out that all trimethylamines (Fig. 6, red) are set apart as a group that closely resembles hard spheres in behavior.
The trimethylamine osmolytes have in common the inaccessibility of one potential H-bonding or ionic interaction site, the nitrogen, due to the three methyl groups. Accordingly, the H-bonding opportunities are somewhat limited in GPC. In the crystal, it does not form any intramolecular H-bonds, and only two intermolecular H-bonds between the two hydroxyl groups and phosphates have been reported (44) . According to our data, it is likely also that there are no significant H-bonds between GPC molecules in aqueous solution. This is based on the finding that they solvate each other in a manner comparable to that observed in rigid, inert bodies ( Fig. 6 ).
Betaine
The solvation of glycine-betaine has been reported previously (10) . Here, we note that this trimethylamine is among those compounds that are characterized by hard-sphere-like volume exclusion, as seen in Fig. 6 . Dielectric relaxation experiments have shown only two relaxation processes in concentrated aqueous glycine betaine solutions, strongly suggesting that no association between glycine-betaine molecules occurs in solution (60) , as one would expect for a hard-sphere-like solvation.
An additional illustration of the grouping of osmolytes is shown in Fig. 7 . The abscissa quantifies by how many van der Waals volumes the self-solvation of the osmolytes differs from their hydration. Trimethylamines cluster at large negative values because of their strong self-exclusion. It is seen that betaine merges with the other trimethylamines at higher volume fractions, after starting out with a little less self-exclusion. All osmolytes converge to very similar values at volume fractions of unity, as indicated at the righthand side of the figure. Fig. 7 also shows the group of self-interacting osmolytes, which are at positive values. The reason that the values are positive is twofold, based on G OW on one hand and G OO on the other. These KB integrals both contribute to the ordinate in Fig. 7 , ðG OO À G OW Þ=V vdW . The hydration, G OW , is negative (and ÀG OW is positive), because osmolytes take space and thus there is a deficit of water molecules around the center of mass of each osmolyte. On top of this positive contribution to the ordinate of Fig. 7 , the KB integral of osmolyte self-solvation, G OO , becomes less and less negative with increasing self-interaction, and may even become positive (as seen, e.g., for taurine in Fig. 5 ). Note that this self-interacting group of osmolytes includes both protein stabilizers, such as myo-inositol, and the denaturant urea.
Sorbitol
The remaining protecting renal osmolyte, sorbitol, is a member of the middle group in both Fig. 6 and Fig. 7 . In this group, the self-solvation does not compensate excluded volume effects to the same degree as in the group containing taurine, inositol, urea, and glycine. A statistical thermodynamic investigation of the activity coefficient of sorbitol found that its effective size in solution is larger than expected, which was taken as evidence for a strong hydration (8) . On the other hand, molecular dynamics simulations found that at high sorbitol concentrations, there are on average 1.5 hydrogen bonds between individual sorbitol molecules (61) . Thus, it seems that both exclusion and FIGURE 7 Groups of osmolyte solvation behavior. The abscissa shows by how many osmolyte van der Waals volumes the osmolyte self-solvation G OO exceeds its hydration G OW . The marks on the righthand side indicate ðv W À v O Þ=V vdW , the limit to which the values converge at volume fractions of 1 for the pure (crystalline or liquid) osmolytes (the values of G OO and G OW at the limit of 0 M water are Àv O and Àv W ; see Rösgen et al. (10) ). The middle group of lines represents proline, sarcosine, and alanine (dark solid lines); glycerol, sorbitol, mannitol, and erythritol (short-dashed lines); sucrose, maltose, and raffinose (long-dashed lines); and xylose, fucose, rhamnose, glucose, galactose, and mannose (light solid lines). To see this figure in color, go online. FIGURE 6 Comparison of osmolyte self-solvation with hard-sphere limit. For hard-spheres, G OO ¼ À8V vdW in the limit of 0 M osmolyte, where V vdW is the van der Waals volume of the osmolyte (11, 59) . The osmolytes fall into three groups, as indicated by the gray or white background. All trimethyl-amines are in the top group. In the bottom two groups, carbohydrates are indicated in darker color, and amino acids in lighter color. To see this figure in color, go online.
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Interactions with other molecules
Now, what can be concluded regarding the interaction of the renal osmolytes with other classes of molecules, such as proteins, nucleic acids, metabolites, etc? The solvation of each osmolyte is a symptom of its interaction with water versus molecules of its own kind. For instance, osmolytes with a strong hydration are more likely than less hydrated osmolytes to retain this preference in the presence of other molecules. This is the basis of the previously established rule that self-excluding osmolytes (those with high osmotic and activity coefficients) are protein stabilizers, whereas denaturants are self-associating (have low osmotic and activity coefficients) (8, 9) . However, this is only a general trend, for a variety of reasons.
Only a limited subset of types of possible interaction is represented in binary water-osmolyte solutions. For example, glycine betaine was found to interact particularly favorably with aromatic protein side chains (18, 21) , probably due to cation-pi interactions (62) . Such interactions are of course not possible and not sampled in the absence of aromatic compounds.
In the case of taurine, its associating trend correlates with a destabilizing effect, but not for all classes of molecules. It destabilizes DNA (55) but shows a stabilizing (55, 63, 64) , or only slightly destabilizing (65) , effect against protein denaturation. In a similar way, glycine also exerts opposite effects on DNA and histones (55) . Glycine betaine has also been suggested as a tool for differentiating between protein interactions and DNA interactions, based on such opposing effects on different chemical types of molecular surface (66) .
Data are scarce on the interaction of myo-inositol with macromolecules. This osmolyte has less of a stabilizing effect on lysozyme than does sorbitol (45) . Based on our data, this difference can be rationalized in two ways. The association trend of inositol can be extrapolated to interactions with proteins, thus reducing the exclusion of inositol. Such reduction in preferential interaction translates to less of a stabilizing effect on proteins. Also, the activity coefficient of myo-inositol is lower than that of sorbitol. Consequently, sorbitol shows a stronger increase in chemical activity with concentration, thereby enhancing its effect on proteins (22) .
It makes sense that renal osmolytes show such diverse solvation trends. The presence of high intracellular urea disturbs many kinds of biomolecules, and it is unlikely that any one osmolyte can uniformly counter the effect of urea on all those classes of molecules simultaneously. Since there are five renal osmolytes in addition to urea, it would be possible to affect up to five classes of biomolecules by mixing the osmolytes to different ratios and total concentra-tions. Alternatively, one can assume that five classes of molecular interactions can be affected.
CONCLUSIONS
There are five intracellular renal protecting osmolytes, and it has not been quite clear why so many are used by the kidney, and what the significance of their changing ratios and concentrations is. With this study, we reveal that these osmolytes are quite diverse with respect to their solvation patterns even in simple, binary osmolyte-water solutions. Specifically, they fall into three distinct groups with respect to their tendency to either self-exclude or accumulate around each other. Considering in addition the interaction of the osmolytes with macromolecules differentiates these cosolutes further. Thus, it is likely that specific mixtures of renal osmolytes can target particular sets of macromolecular surface groups. In contrast, it is unlikely that any individual osmolyte could uniformly target sets of cellular biomolecules. Therefore, it is very plausible that the function of the renal osmolyte cocktail is to simultaneously protect multiple types of macromolecules and metabolites from the detrimental effects of urea.
